Jasmonates (JAs) are integral to various defense responses and induce biosynthesis of 14 many secondary metabolites. MYC2, a basic helix-loop-helix (bHLH) transcription 15 factor (TF), acts as a transcriptional activator of JA signaling. MYC2 is repressed by 16 the JASMONATE ZIM-domain (JAZ) proteins in the absence of JA, but de-repressed 17 by the protein complex SCF COI1 on perception of JA. We previously reported that 18 overexpression of SmMYC2 promotes the production of salvianolic acid B (Sal B) in 19 Salvia miltiorrhiza. However, the responsible molecular mechanism is unclear. Here, 20 we showed that SmMYC2 binds to and activates the promoters of its target genes 21 SmTAT1, SmPAL1, and SmCYP98A14 to activate Sal B accumulations. SmbHLH37, a 22 novel bHLH gene significantly up-regulated by constitutive expression of SmMYC2, 23 was isolated from S. miltiorrhiza for detailed functional characterization. SmbHLH37 24 forms a homodimer and interacts with SmJAZ3/8. Overexpression of SmbHLH37 25 substantially decreased yields of Sal B. SmbHLH37 binds to the promoters of its 26 target genes SmTAT1 and SmPAL1 and blocks their expression to suppress the 27 pathway for Sal B biosynthesis. These results indicate that SmbHLH37 negatively 28 2 regulates JA signaling and functions antagonistically with SmMYC2 in regulating Sal 29 B biosynthesis in S. miltiorrhiza. 30
. 130 131 To construct the SmbHLH37 overexpression vector, we amplified the full-length open 132 reading frame (ORF) of SmbHLH37 (GenBank Accession Number KP257470.1) with 133 primers GVSmbHLH37-F/R, which introduced attB sites, and subsequently 134 re-combined it into the pDONR207 vector (BP reaction Gateway®) according to the 135 protocol from the Gateway manufacturer (Invitrogen, United States). The ENTRY 136 vector pDONR207-SmbHLH37 was sequenced and inserted into the pEarleyGate 202 137 vector (Earley et al., 2006) by an LR reaction (Gateway®) to generate the 138 pEarleyGate 202-SmbHLH37 overexpression vector. Agrobacterium-mediated gene 139 transfer was performed based on protocols established in our laboratory (Yan and 140 Wang, 2007) . 141 Molecular detection of transgenic plantlets 142 To evaluate whether the overexpressing box had been integrated into the transgenic 143 6 plant genome, we amplified the CaMV35S promoter from isolated genomic DNA, 144 using previously published protocols (Yang et al., 2017) . Total RNA from the roots of 145 S. miltiorrhiza transgenic lines was extracted and converted into cDNA. Gene 146 expression was monitored via qRT-PCR, with housekeeping gene SmUbiquitin 147 serving as an internal reference. Relative expression was analyzed according to the 148 comparative 2 -ΔΔCt method (Livak and Schmittgen, 2001) . 149 Based on the transcript levels of SmbHLH37, we conducted qRT-PCR analysis to 150 determine the expression levels of key enzyme genes for the biosynthetic pathways of 151 Sal B, JA, and anthocyanin. Each sample from a transgenic line was assayed with 152 three independent biological replicates and three technical replicates. 166 Roots were collected from two-month-old transgenic plantlets and air-dried at 20±2°C. 167 The phenolic compounds were extracted and determined as described by Li et al 168 (2018) . 169 To determine the concentration of JA, we extracted JA using a modified protocol as 170 described (Yang et al., 2012) . Approximately 0.1-g root samples were homogenized 171 and added to 10 mL of cold extraction buffer (acetone: 50 mM citric acid, 7:3, v/v). 7 After this mixture was vortexed and then left to stand 30 min at 4°C, 10 mL of ethyl 173 acetate was added before vortexing again. Following centrifugation at 5000 g for 10 174 min at 4°C , the supernatants were transferred to new 50-mL tubes and evaporated to 175 dryness in a freeze dryer. The residue of each sample was re-suspended in 1 mL of 80% 176 methanol (v/v) and sonicated for 10 min, then passed through a 0.22-μm organic filter. 177 The extracts were loaded onto an Agela Cleanert SPE-NH2 (500 mg/6 mL); 178 sonication and filtration steps were repeated. The combined supernatants were used 179 for JA detection. 180 We determined the concentrations of JA in the plant samples by LC-QQQ-MS. 181 Briefly, analyses were conducted using an Agilent 1260 HPLC system coupled to an 182 Agilent 6460 QQQ LC-MS system equipped with a dual electrospray ion source 183 operated in the negative mode. The extracts were separated on a Welch Ultimate 184 XB-C18 column (2.1 × 150 mm, 3 µm). The chromatographic separation was 185 performed over an 8-min analysis time, using a linear gradient of 85% to 50% A 186 (0-6 min), 50% to 0% A (6-7 min), and 0% to 0% A (7-8 min). The flow rate of the 187 gradient mobile phase was 0.4 mL/min, and the column temperature was 30°C. 188 Conditions for mass spectrometry included a drying gas temperature o f 300°C, drying 189 gas flow of 10 L/min, nebulizer pressure of 45 psi, ion spray voltage of 3500 V, and 190 sheath gas of 11 L/min, at a temperature of 350°C. Retention time was 6.9 min for JA. 191 The precursor/product ion of JA was 209.1>59.1. The concentrations were quantified 192 based on standard curves prepared with authentic reference standards. The plasmids were transiently transformed into onion epidermis cells by particle 202 bombardment (helium pressure, 1100 psi) with the PDS-1000/He system 203 CA, USA). After 24 h of incubation, those cells were stained with DAPI (Vector Labs, 204 CA, USA) for 20 min and then observed using a Leica DM6000B microscope (Leica, 205 Germany) with an excitation wavelength of 475 nm. 
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SmbHLH37 forms homodimer and interacts with SmJAZ3/8 240 SmbHLH37 can be dramatically induced by exogenous MeJA (Zhang et al., 2015) . 241 We previously showed that SmbHLH37 is most similar to AtJAM3 (Su et al., 2017) , 242 which interacts with JAZs in Arabidopsis (Fonseca, 2014; Sasaki-Sekimoto et al., 243 2014). To detect whether SmbHLH37 and SmJAZs could interact with each other in S. 244 miltiorrhiza, we performed BiFC and Y2H assays. Our results demonstrated that 245 SmbHLH37 interacts with SmJAZ3/8 ( Fig. 1A, B ). Among the JAZ proteins in S. 246 miltiorrhiza, SmJAZ8 has been verified as being involved in the biosynthesis of 247 salvianolic acids and tanshinones (Ge et al., 2015; Pei et al., 2018) . The bHLH 248 protein usually forms a homodimer or heterodimer to develop their function (Feller et 249 al., 2006) . Our findings indicated that SmbHLH37 does form a homodimer ( Fig. 1A Supplementary Fig. S1A ). 255 Real-time quantitative PCR demonstrated that expression of SmbHLH37 was highest 256 in Lines OE-4 and OE-7 when compared with the non-transformed wild type (WT) 257 ( Supplementary Fig. S1B ). Therefore, we chose those two lines for further analysis. 258 JA is derived from a-linolenic acid and the biosynthesis pathway was shown in Fig.   259 10 2A. The transcript levels of genes encoding LOX (lipoxygenase), AOS (allene oxide 260 synthase), AOC (allene oxide cyclase), and OPR3 (12-oxophytodienoic acid reductase) 261 were significantly down-regulated in OE lines (Fig. 2B ). We performed LC-MS to 262 determine the concentrations of endogenous JA in fresh root samples from OE and 263 WT lines. The MRM chromatograms, shown in Supplementary Fig. S2 , revealed that 264 those JA levels were significantly decreased in OE-4 and OE-7 when compared with 265 the control (Fig. 2C) . These results implied that SmbHLH37 participates in JA 266 biosynthesis in S. miltiorrhiza. 267 We further examined the transcription changes of genes encoding JAZ proteins and 268 MYC2, core factors in the JA signaling pathway. Our qRT-PCR results showed that 269 overexpression of SmbHLH37 significantly decreased the transcript levels of 270 SmJAZ1/3/8 and SmMYC2 (Fig. 3 ).
271
SmbHLH37 negatively regulates anthocyanin biosynthetic pathway through 272 transcriptional cascade 273 We tested whether this regulation of a transcriptional cascade by SmbHLH37 alters 274 anthocyanin levels and found that concentrations of this pigment were significantly 275 lower in OE-4 and OE-7 than in the WT (Fig. 4A, B ). We also investigated the 
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Overexpression of SmbHLH37 decreases concentrations of phenolic acids 281 We predicted that the production of salvianolic acids would be decreased because of 282 the decline in JA levels. To test this, we performed LC-MS to determine the 283 concentrations of RA and Sal B. As shown by the MRM chromatograms in 284 Supplementary Fig. S2 , the results were consistent with our expectations, i.e., the 285 levels of RA and Sal B were significantly declined in OE lines (respective reductions 286 of 2.0-and 1.8-fold for RA and Sal B in OE-4; 1.7-and 1.6-fold for RA and Sal B in 287 OE-7) when compared with the WT (Fig. 5) . To evaluate how the expression of genes 288 related to phenolic acid biosynthesis is influenced in transgenic lines, we monitored 289 relative transcript levels for 11 enzyme genes in the WT and OE lines (Fig. 5) . 290 Expression of all tested genes was significantly decreased in OE plants. In particular, 291 transcript levels of RAS6 were decreased 6.0-and 5.1-fold in 292 respectively. and SmCYP98A14 (Di et al., 2013) . Each of them carries E/G-box sequences in its 299 promoter ( Fig. 6A ). We speculated whether SmbHLH37 is directly involved in 300 regulating the pathway of phenolic acid biosynthesis. Our results from the Y1H assay 301 showed that SmbHLH37 directly binds to the promoters of SmTAT1 and SmPAL1 302 rather than SmCYP98A14 in yeast (Fig. 6B ). 303 We then conducted an assay of transient transcriptional activity in N. benthamiana 304 leaves. The promoter regions of SmTAT1, SmPAL1, and SmCYP98A14 were fused 305 individually with LUC to generate the reporter, and SmbHLH37, driven by the 35S 306 promoter, was used as an effector (Fig. 6C ). As showed in Fig. 6D , SmbHLH37 did 307 bind to the promoter regions of SmTAT1 and SmPAL1 to repress the expression of 308 LUC. The same was not true for SmCYP98A14. Therefore, these results demonstrated 309 that SmbHLH37 directly binds to the promoter regions of SmTAT1 and SmPAL1 to 310 repress their expression.
311
SmMYC2 binds to and activates promoters of SmTAT1, SmPAL1, and SmCYP98A14 312 We have reported that overexpression of SmMYC2 strongly increases the production 313 of RA and Sal B, and those transcript levels of SmTAT1 and SmPAL1 are dramatically 314 improved in SmMYC2-OE lines (Yang et al., 2017) . However, the molecular 315 mechanism had not yet been characterized. Here, we performed Y1H assays and 316 examined transient transcriptional activity to verify whether SmMYC2 directly binds 12 to the promoter regions of these genes to activate their expression. Results from our 318 Y1H assay showed that SmMYC2 did bind to the promoter regions of SmTAT1, 319 SmPAL1, and SmCYP98A14 (Fig. 7A) . 320 To conduct transient transcriptional activity analysis, SmMYC2 was used as an 321 effector (Fig. 7B) . SmMYC2 activated the expression of SmTAT1, SmPAL1, and 322 SmCYP98A14, based on our data from the assay of transient transcriptional activity 323 ( Fig. 7C ). We also learned that SmbHLH37 can repress SmMYC2-activated LUC 324 expression, as driven by the promoters of SmTAT1 and SmPAL1 (Fig. 7C ). Together, 325 these findings suggested that SmbHLH37 antagonizes transcription activator Application of exogenous MeJA is an effective way to improve the yields of 339 secondary metabolites. Earlier research showed that JA signaling has a role in the 340 biosynthesis of salvianolic acids and tanshinones (Xiao et al., 2009; Zhang et al., 341 2011b; Pei et al., 2018) . Expression of genes in the salvianolic acid and tanshinone 342 biosynthetic pathways is increased significantly after MeJA treatment (Ge et al., 2015; 343 Pei et al., 2018) . Our results also indicated that overexpression of SmbHLH37 344 significantly decreased RA and Sal B concentrations. Such accumulation profiles 345 were consistent with the expression profiles of all the tested genes involved in Sal B 346 13 biosynthesis. We previously proposed that SmbHLH37 helps modulate tanshinone 347 biosynthesis because it is up-regulated by MeJA treatment and is more highly 348 expressed in the roots than in any other organs (Zhang et al., 2015) . We also detected 349 tanshinone IIA and cryptotanshinone but found no significant differences in amounts 350 between control plants and SmbHLH37-OE lines (data not shown). 351 Activation of JA signaling can also improve the accumulation of anthocyanin in S. 352 miltiorrhiza (Ge et al., 2015) . Here, overexpression of SmbHLH37 significantly 353 decreased the levels of anthocyanin as well as the expression of genes in its 354 biosynthetic pathway. One gene, DFR, has a vital role in anthocyanin production 355 (Lim et al., 2016) , and we noted that it had the greatest fold-change among the five 356 genes tested here. Therefore, overexpression of SmbHLH37 repressed overall the 357 biosynthetic pathways for JA, anthocyanin, and salvianolic acids, which is contrary to 358 the activation of JA signaling.
359
MYC2 is a core TF in the plant response to jasmonates, inducing JA-mediated 360 responses such as wounding, inhibition of root growth, JA and anthocyanin 361 biosynthesis, and adaptations to oxidative stress (Dombrecht et al., 2007) . The JAZ 362 proteins directly interact with MYC2 and inhibit its activity, meaning that they 363 function as repressors of the JA pathway (Chini et al., 2007; Thines et al., 2007; Seo 364 et al., 2011; Song et al., 2011) . In S. miltiorrhiza, the SmJAZs have proven to be 365 negative regulators of salvianolic acid and tanshinone biosynthesis (Ge et al., 2015; 366 Shi et al., 2016; Pei et al., 2018) . In contrast, the orthologs of MYC2 act as positive 367 regulators (Zhou et al., 2016; Yang et al., 2017) . Although overexpression of 368 SmMYC2 increases the production of phenolic acids in S. miltiorrhiza (Yang et al., 369 2017), the responsible molecular mechanism is still unclear. (Zhou et al., 2016) . We also confirmed here that SmMYC2 up-regulates the 380 expression of SmCYP98A14 by binding to its promoter in yeast. Our analysis 381 indicated that the sequence of SmMYC2a is almost completely consistent with that of 382 SmMYC2. Therefore, we speculate that they are the same gene. 383 In Arabidopsis, JAM1/2/3 function as transcription repressors to antagonize the Arabidopsis (Song et al., 2013; Qi et al., 2015b) . 391 Based on our results and previous reports, we propose a model to illustrate the 392 JA-induced accumulation of salvianolic acids (Fig. 8) . In it, we confirm that 393 SmbHLH37 regulates such accumulations in S. miltiorrhiza by engineering the 394 biosynthetic pathway genes. That protein also shows antagonistic regulation with 395 SmMYC2 because they bind to the promoters of the same target genes. Jasmonate 396 induces the degradation of JAZ proteins, thereby releasing SmMYC2 and SmbHLH37. 397 The former binds to and activates the promoters of genes involved in salvianolic acid 398 biosynthesis (e.g., SmTAT1, SmPAL1, and SmCYP98A14), ultimately promoting the 399 accumulation of those salvianolic acids. Meanwhile, SmbHLH37 represses these 400 genes and antagonizes this accumulation that is activated by SmMYC2. Both 401 SmbHLH37 and SmJAZs are more highly expressed in SmMYC2-OE lines than in the 402 control (Su et al., 2017; Yang et al., 2017) . In contrast, we found here that expression 403 of SmMYC2 and SmJAZs was lower in SmbHLH37-OE lines than in the WT. These 
